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Abstract 
An on-going Norwegian research project focus on the geochemical interaction of CO2 with cap-rocks as well as engineered 
material in wells, and corresponding changes in geomechanical properties. The aim is to establish the nature and extent of 
induced changes in petrophysics and geomechanical rock/material properties caused by geochemical reactions during long-term 
exposure to CO2 and CO2-water mixtures. Furthermore, it is an aim to experimentally simulate a leakage situation, where 
improved understanding of transport and reaction mechanisms and qualification of monitoring techniques are important. 
Abandoned wells have been identified as one of the most probable leakage pathways for underground CO2 storage. A 
comprehensive understanding of the fluid-solid interaction processes in the well and in the near-well area and methods for 
evaluation of long-term well integrity is necessary. This paper presents preliminary experimental results on the chemical 
interactions of well cement and brine-CO2 at conditions relevant for subsurface storage of CO2 in aquifers (100 bar, 50 °C). Two 
different scenarios have been tested; the impacts of CO2 on well cement in a static environment, and secondly, the effects of 
carbonated brine transport on well cement surfaces. Thus, cement cores have been the subject to a series of static batch 
experiments with variable duration and water content, as well as steady state flow-through experiments where a CO2 saturated 
brine is forced through a channel in the cement. The batch experiments, resembling the long term storage situation, show 
extensive cement carbonation and near full conversion of Portlandite (Ca(OH)2) to calcite and aragonite on the outer layers of the 
specimens. The flow experiments reveal a different behaviour due to the advective transport of reactants and reaction products. 
Cement decalcification to yield a layer of amorphous silica, was found to be rapid and quantitative in the immediate vicinity of 
the convective flow. Complete cement dissolution and consequent widening of the flow channel was also observed. Results on 
the propagation rate of reaction fronts are reported. Further work will include geomechanical experiments. 
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1. Introduction 
For subsurface storage, CO2 is injected into geologic formations with a sufficient pressure to enter into the pore 
spaces initially occupied by the in situ formation fluid. Several factors then determine the flow and transport of CO2, 
as buoyancy and fluid gradients and reactions/trapping mechanisms. CO2 typically exists as a separate phase, 
dissolved in other fluids, adsorbed onto organic material or may react (dissolve/precipitate) with the minerals. 
Buoyancy causes CO2 fluid to migrate upwards in the formation until it is physically trapped (stratigraphic/ 
structurally or retention in pore spaces) or completely dissolved in adjoining formation fluid. Thus there are a series 
of physical and geochemical trapping mechanisms of CO2 in geologic formations. Dissolution of CO2 in aqueous 
fluids leads to the formation of carbonic acid, which is aggressive to production equipment, wells and rocks in the 
subsurface. As dissolution of minerals or engineered materials proceeds, the chemical conditions are changed 
(notably the pH), and precipitation of carbonates may occur, thus providing a permanent storage. Valid predictions 
of fluid-solid interactions are required for site selection, during the operational phase and for evaluation of the long-
term integrity of the CO2 storage. An experimental methodology addressing critical gaps in knowledge must be 
developed as a basis for such predictions. In particular, evaluation of long-term integrity needs methodology for 
testing of non-porous material, and challenges is related to the ability of testing realistic situations in the laboratory. 
 
A Norwegian research project, the RAMORE project (http://www.geo.uio.no/ssc-ramore/), focus on the 
geochemical interaction of CO2 with cap-rocks as well as engineered material in wells, and corresponding changes 
in geomechanical properties. An extensive experimental test program is used to study long-term seal integrity and 
the effect of fluid transport in fractures.   
 
In this paper we present preliminary results of cement experiments. The aim is to establish the nature and extent 
of induced changes in petrophysics and geomechanical rock/material properties caused by geochemical reactions 
during long-term exposure to CO2 and CO2-water mixtures. Furthermore, it is an aim to experimentally simulate a 
leakage situation, where improved understanding of transport- and reaction mechanisms and qualification of 
monitoring techniques are important. An approach using batch and flow-through experiments has been applied. 
2. Experimental approach on cement reactivity with CO2 
Existing wells in oil and gas fields typically contains Portland cement, as a part of the barrier system. A good 
overview of possible CO2 leakage mechanisms in wells, cement chemistry and mineralogy has been given by 
Scherer et al. [1]. Many experimental studies have been published on cement reactivity with CO2-rich fluid at 
pressure and temperature consistent with the storage facilities. These studies were initially related to the alteration of 
well cement in oil/gas production fields (Onan [2]; Krilov et al. [3]) or more recently dedicated to well cement 
integrity in the context of CO2 storage (Duguid [4], Jacquemet et al. [5], Rimmélé et al. [6]).  
 
The previous experimental results stress a strong and fast carbonation of the cement phases in contact with CO2. 
Thus, the portlandite (Ca(OH)2), one of the most reactive phase in a classical well cement is reacted with dissolved 
CO2 into calcium carbonate according to the following reaction: 
Ca(OH)2 + H+ + HCO3- ĺ CaCO3 + 2H2O  (1) 
The calcium silicate hydrates (CSH) which are a major component of most cements and a key component of their 
hydraulic and mechanical properties (Taylor [7]) may also be easily reacted to form calcium carbonate and a silica 
gel:    
CSH + H+ + HCO3- ĺ CaCO3  + SiO2, nH2O   (2) 
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These carbonation reactions were also observed on cement samples recovered from a well used for enhanced oil 
recovery (Carey et al. [8]). This sample was exposed to CO2 for a period of 30 years and presents numerous features 
of carbonation. 
 
An important issue is to understand how these reactions will affect the sealing properties (porosity, permeability) 
of the cement and its mechanical strength. Experimental parameters such as temperature, pressure, water content an 
salinity can strongly affect the degree of cement alteration. Most of the published studies have been carried out as 
batch experiments, and describe only static exposure between reacting fluid and cement. So far, little published data 
exist on coupling of geochemistry and geomechanics. It is also fundamental to understand what happen in flooding 
conditions witch are more realistic during the injection phase or to simulate a CO2 leakage through cement scenario.  
3. Materials and methods 
Portland cement (class G oil well cement) was prepared according the ISO/API specification using synthetic 
seawater. Cement slurry was cured in cylindrical moulds during 28 days. Then, cylindrical plug with a 2.5 cm radius 
were drilled in the cement slabs and cut to 5 cm length. For both batch and flow-through experiments conditions 
were fixed at 50°C and 100 bars. These conditions are similar to the natural conditions of the CO2 storage in the 
Utsira Formation at Sleipner, i.e. 36°C and 100 bar (Arts et al.,[9]). An aqueous fluid with salinity 3.5 wt %, which 
is similar to Utsira formation water, was used for flow through experiments. For batch experiments, a higher salinity 
(16 % wt) was used. Morphological analyses of the sample alteration front were observed by using both optical and 
scanning electron microscopy (SEM) using a S-4800 HITACHI. The mineralogical changes of the samples were 
analysed by powder X-ray diffraction using a D8 ADVANCE BRUKER diffractometer. 
3.1. Batch experimental procedure 
Batch experiments were carried out in steel reactors (Hastelloy C) under static conditions. Three sets of 
experiments (batch#1, batch#2 and batch#3) were carried out with different water/CO2 ratios, ranging from a CO2-
saturated water to an initially anhydrous supercritical CO2 phase. Prior to the experiment, the open reactor was 
loaded with different initial water content as follows:  
 
x batch#1: a brine saturated cement plug is placed into the reactor with 7 ml of brine. The cement is then 
completely immersed in the water phase. 
x batch#2: the reactor contains only the brine saturated cement plug. The reacting fluid water content will be 
initially limited to the saturation water. 
x batch#3: the cement sample is dried for 5 days at 65°C before experiment. The reacting fluid will be initially 
strongly anhydrous. 
 
The reactor was closed, injected with CO2 and put in a dedicated oven. Initial water-CO2 ratios after CO2 
injection at 50 bar were calculated with the dedicated H2O-CO2-NaCl equation of state developed by Duan and Sun 
[10]. It is important to note that the water content will increase during the experiment according to Eq. 1 and Eq. 2. 
At the end of the run, pressure and temperature are slowly decreased to prevent possible damage to the sample due 
to the depressurization. Tab. 1 presents the overall experimental conditions and the initial reactants for the different 
batch experiments discussed in this paper.  
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Tab. 1 Experimental conditions and initial reactants of the batch experiments 
Experiment Injected reacting fluid Sample drying XCO2a 
 
Reacting time 
(d) 
Batch#1 CO2 + H2O no 0.09 7, 30 
     
Batch#2 CO2 no 0.23 42 
     
Batch#3 CO2 yes ~1b 43 
         a XCO2 : initial molar fraction of CO2 
         b By assuming that almost all the water was removed during the drying operation 
  
3.2. Flow-trough experimental procedure 
A series of flow-through experiments were performed, in which duration and overall flowrate has been varied 
according to Tab. 2. To enable reproducible flow conditions, a longitudinal channel with a 1 mm radius was drilled 
in the center of the plugs used in flow-through experiments. The plugs were wrapped in dual layers of heat 
shrinkable PTFE and Nitrile rubber tubing prior to assembly in a standard Hassler Cell, to limit diffusion of CO2 
into the overburden. A confinement pressure of 30 bars was used throughout. The experimental brine was 
equilibrated with a stream of compressed CO2 before exposing the cement plug. To avoid transient fluid 
concentrations, the system was operated in bypass-mode during this stage.  A CO2 saturation-degree of 75% 
(calculated for pure water) was set as target composition to ensure single phase flow, taking into account likely 
salting out effects, with a possible reduction in solubility of 10-20%. Data from Duan and Sun [10] along with a 
molar balance with respect to CO2 was used to calculate reactant flow rates, and necessary equilibration time.  
 
Overall flow rate, Q (in the following assumed equal to brine flowrate) was 0.1-0.4 ml/min for individual 
experiments, corresponding to initial superficial fluid velocities, u0, in the range of 12.7 – 51.0 cm/min and average 
fluid residence times within the cement sample are thus in the range 6 – 25 seconds. Samples of reacted fluid 
(effluent) were extracted downstream for chemical analysis at regular times during the experiments. Upon 
completion, the cement plug was removed, split along its length and thin sections prepared for analysis by SEM.  
 
 
Tab.2 Experimental conditions for the flow experiments 
Experiment Qla 
(ml.min-1) 
Qgb 
(ml.min-1)  
Duration 
(days) 
Flow#1 0.1 0.0048 7 
Flow#2 0.2 0.00936 7 
Flow#3 0.4 0.01872 4 
Flow#4 0.2 0.00936 12 
Flow#5 0.1 0.0048 4 
a Ql : brine flow rate 
b Qg : gas flow rate 
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Fig.1.Simplified scheme of the flow-through experimental set-up (BPR: Back pressure regulator) 
 
 
 
 
 
 
4. Results  
XRD analyses and thin section observations show that the starting cement is mainly composed of portlandite, 
anhydrous calcium silicate (C2S and C3S) and amorphous calcium silicate hydrates. In both batch and flow-through 
experiment, evidence for carbonate growth has been observed. Dissolution also occurs in both types of experiments. 
4.1. Batch experiment results 
In the presence of CO2 saturated water (batch#1 experiment), the sample surface shows external growth of 
carbonates (calcite and aragonite). The plug itself displays a thin reacted layer (see Fig. 2A) where the portlandite is 
totally absent and where calcium silicate seems less abundant. This reacted zone contains secondary carbonates: 
calcite and aragonite (CaCO3). We noticed that the alteration depth did not increase with the experiment duration:  
around 200 ȝm at 7 days and at 30 days. Furthermore, no evidence of reaction was observed in the middle of the 
sample. In the water-poor experiment (batch#2), secondary carbonates grew massively at the cement surface: XRD 
analyses show a complex association of calcite/aragonite, nahcolite (NaHCO3) and siderite (FeCO3). The sample 
matrix displays also a carbonation front. Such as in the water-rich experiment, this layer is limited (only 200 ȝm at 
42 days) and seems to behave as a protective barrier: the core of the plug is not affected.  
 
In the initially anhydrous experiment (batch#3), after 43 days of reaction, the sample surface did not show 
external carbonate growths. However, the sample itself is partially reacted (see Fig. 2B): a zone where portlandite is 
totally carbonated into calcite and aragonite seeps deeply into the sample. Contrary to the previous experiment, this 
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alteration domain is not uniformly limited at the very surface of the plug: the front progresses in the plug during 
experiment and can reach 5 mm of depth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. SEM images on polished section of reacted cement. A: batch#1 experiment after 30 days of exposure. B: batch#3 experiment after 42 
days. The dashed lines highlight the carbonation front. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Left: Longitudinal cross section of cement core after 7 days exposure (Q=0.1ml/min), Right: Radial cross section of cement core after 12 
days exposure (Q=0.2 ml/min)  
4.2. Flow-trough experimental results 
Extensive cement decalcification and some secondary precipitation of calcite/aragonite along the channel have 
been observed. Following exposure to reactive fluid, the outer periphery of the flow channel consists of a zone of 
completely decalcified cement (silica gel) with embedded crystallites of CaCO3. The layer is white/brown and 
fragments into a ‘crust’ upon evaporation of free water at room temperature. The thickness of the crust is relatively 
constant with respect to experiment duration and flowrate, and is typically around 50 Pm, underneath which is a 
layer of partially reacted cement. The silica-gel is characterized in SEM-EDS by having virtually no Calcium 
present, while the partially reacted zone shows a gradual depletion in % Calcium, closer to the flow as compared to 
the unreacted cement. The partially reacted zone varies from 150-40 Pm in thickness, depending on experiment 
duration. The diameter of the flow-channel increases typically about 50% after a week of exposure, indicating that a 
considerable amount of silica and other cement constituents have been transported out of the system altogether. The 
chemical composition of the effluent liquid reveals a significant leaching of Si into solution but only minor changes 
in Ca-content. The remainder of the cement plug appears to be virtually unaffected, the exception being along cracks 
Silica-gel
Partially reacted zone
Unreacted cement
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that allow reactive fluid to penetrate into the plug. The cracks are characterized by precipitation of CaCO3-veins, as 
there is virtually no advection to remove reaction products in the cracks. Note that the cracks visible in SEM 
micrographs presented here are likely to be related to sample polishing.  
 
5. Discussion 
The batch experimental results presented in section 3.1 show that Portland cement alteration show different 
behavior depending of water content of the reacting fluid. In presence of CO2-saturated water (batch#1 and batch#2 
experiment), a carbonated layer appears quickly at the sample surface and prevents efficiently CO2 propagation in 
the core of the plug. We observe an opposite behavior in anhydrous conditions (batch#3 experiment): the alteration 
front progress easily trough the cement. These results can be compared with those obtained by Jacquemet et al. [5] 
who investigate the integrity of a cement paste under acid gas exposure (CO2 + H2S) with brine or in anhydrous 
conditions. The cement carbonation is complete after 60 days in initially dry conditions, while the carbonation 
reactions takes place only at the surface of the plug in the presence of the acid gas saturated water. However, some 
studies show different results. Rimmélé et al. [6] in particular note a deeper alteration of class G cement samples 
from a few hours of exposure in a CO2 saturated water in a close range of pressure and temperature of ours. This 
divergence can be partly explained by the fact they used pure water instead of brine. This choice, perhaps less 
realistic regarding the storage facilities, enables to dissolve more CO2 in the aqueous phase. This higher solubility 
may then enhance the kinetics of cement phase carbonation and also prevents the formation of a low permeability 
barrier at the plug’s surface. Comparing the results of static batch and flow-through experiments, it is clear that the 
transport of reactants and reaction products by the forced advection of fluid will enhance the chemical interactions 
that take place. The experimental flow-conditions in the present work possibly represent an extreme scenario, not 
very likely to occur in a storage context. Additionally, drilling of the flow channel might induce flaws and defects in 
the cement, making it more susceptible to degradation. The preliminary results are, however, illustrative of the 
considerable chemical potential of carbonated brines, and the dramatic effects free-flowing brines may have on 
wellbore cement surfaces. The results also underscore the need to further develop experimental methodologies for 
accurate evaluation of storage scenarios, as well as reactive transport modeling of long term CO2-storage.  
 
Further work will focus on investigating how salinity, water content and exposure conditions (batch or flow-
through) control the cement degradation. Furthermore, mechanical and transport properties witch are key parameters 
to predict the durability of cement integrity will be measured on our reacted samples. 
 
6. Conclusions 
Under the conditions of the present work, the extent and nature of cement-fluid interaction in a static batch set-
up, is dependent on water content. When submerged in excess water, a layer of carbonate forms on the cement 
surface, effectively protecting the interior of the sample from exposure. In dry conditions, CO2 readily diffuses into 
the cement along cracks and pores, resulting in carbonation fronts several millimeters deep after 40 days of 
exposure. When exposed to free flowing carbonated brine, exposed cement surfaces are completely dissolved and 
degraded to amorphous silica-gel. Cement degradation by silica-gel formation appears to be self-limited by mass 
transfer when the thickness of the formed layer exceeds 60 Pm. Secondary reaction fronts of partially decalcified 
cement, are found to propagate into the cement at a constant rate, not dependent on flowrate or exposure time.  
 
 
 
 
 
 
Ø. Brandvoll et al. / Energy Procedia 1 (2009) 3367–3374 3373
 Author name / Energy Procedia 00 (2008) 000–000 
Acknowledgement 
This study has been funded by the Research Council of Norway (project no 178008/i30) and a consortium of 
industrial partners. We thank our industrial partners ConocoPhillips, Norske Shell, RWE Dea, Schlumberger and 
StatoilHydro for funding and permission to publish. 
 
 
References 
1. G.W. Scherer, M.A. Celia, J.-H Prevost, S Bachu, R. Bruant, A. Duguid, R. Fuller, S.E.Gasda, M. Radonjic, 
W. Vichit-Vadakan, 2005. Leakage of CO2 through abandoned wells: Role of corrosion of cement. In: S.M. 
Benson (ed) Carbon dioxide capture for storage in deep geological formations – results from the CO2 capture 
project, Elsevier: Vol 2,  827-848 
2. D. D., Onan, 1984. Effects of supercritical carbon dioxide on well cements. Society of Petroleum Engineers 
(SPE 12593).  
3. Z., Krilov, B., Loncaric, Z., Miksa, 2000. Investigation of a long-term cement deterioration under a high-
temperature sour gas downhole environment. Society of Petroleum Engineers (SPE 58771). 
4. A., Duguid, 2006. The effect of carbonic acid on well cements. Ph. D., Faculty of Princeton University, 311 
pp. 
5. N., Jacquemet, J., Pironon and J., Saint-Marc, 2007. Mineralogical Changes of a well cement in various H2S-
CO2(-brine) fluids.  Environ. Sci. Technol. 42, 282-288.  
6. G., Rimmelé, V., Barlet-Gouédard, O., Porcherie, B., Goffé and F., Bruné, 2008. Heterogeneous porosity 
distribution in portland cement exposed to CO2-rich fluids. Cem. and Concr. Res. 38, 1038.-1048. 
7. H. F. W., Taylor, 1997. Cement chemistry. Thomas Telford, 480 pp. 
8. J. W., Carey, M., Wigand, S. J., Chipera, G., WoldeGabriel, R., Pawar, P. C., Lichtner, S. C., Wehner, M. A., 
Raines and G. D., Guthrie Jr., 2007. Analysis and performance of oil well cement with a 30 years of CO2 
exposure from the SAGROC Unit, West Texas, USA. Int. J. of Greenhouse Gas Control 1, 75-85. 
9. R., Arts, O., Eiken, A., Chadwick, P., Zweigel, B., van der Meer and G., Kirby (2004). Seismic monitoring at 
the Sleipner underground CO2 storage site (North Sea) In: S.J., Baines and R.H., Worden (eds) Geological 
storage of carbon dioxide. Geological Society, London, Special Publications 233, 181-191. 
10. Z. H., Duan and R., Sun, 2003. An improved model calculating CO2 solubility in pure water and aqueous 
NaCl solutions from 273 to 533 K and from 0 to 2000 bar. Chem. Geol. 193(3-4), 257-271. 
 
3374 Ø. Brandvoll et al. / Energy Procedia 1 (2009) 3367–3374
